Several different effects in electroweak quantum corrections are explored separately through the latest data on the weak-boson masses. The leading-log approximation, the improved-Born approximation and the non-decoupling top-quark effects are studied without depending on the recent CDF data of m t , and the results are given in a form independent of the Higgs mass. On the other hand, the bosonic-and the non-decoupling Higgs effects are examined by fully taking account of those CDF data. It is emphasized that future precision measurements of M W and m t are considerably significant not only for further studies of the electroweak theory at higher confidence level but also for new physics searches beyond it.
§1. Introduction
Analyses of electroweak radiative corrections have been extensively carried out since high-energy experiments at O(10 2 ) GeV scale started at SLAC, FNAL and CERN. In particular, a lot of data on Z from LEP collaborations at CERN have enabled us to test the minimal standard electroweak theory (hereafter simply "electroweak theory") with considerable accuracy [1] - [4] (see also [5] as the latest review articles). Furthermore, CDF collaboration at FNAL Tevatron collider reported recently some evidence on top-quark pair productions and estimated thereby its mass as m exp t = 174 ± 17 GeV [6] , while it was known in the precision analyses before this report that m t needs to be 160-180 GeV to describe all the data in the framework of the electroweak theory.
We surely have come to a position to study "fine structure" of EW (electroweak) corrections as a next step, i.e., to study various parts of them separately which have different properties. In fact, several papers have so far appeared for such a purpose: I examined first whether it is enough for describing W/Z-mass data to take into account only the leading-log terms, and found some indication for other-type corrections [7] . Then I proposed an effective procedure to study the non-decoupling top-quark corrections, which are the main part of such "non-leading-log" type contributions [8] . Novikov et al. studied in [2] the Born approximation based on α(M Z ) instead of α (so-called "improved-Born" approximation), and found that it could reproduce all electroweak precision data up to 1993 within the 1σ accuracy (see also [3] ). Sirlin observed, however, non-Born effects in low-energy hadron decays [9] , while Novikov et al. and I also found some deviation from this approximation in 1994 high-energy data [4, 10] . From a slightly different point of view, Dittmaier et al. [11] , and Gambino and Sirlin [12] examined lately the bosonic part of the corrections by using LEP, SLC and
Tevatron data, and pointed out their significance.
In this article, I would like to carry out further studies on these subjects using the latest data on the weak-boson masses. There is no room for an objection on using M exp Z (= 91.1888±0.0044 GeV [13] ), while the reason why I focus on the Wmass among others is as follows: All the other high-energy precision data are those [15] . Moreover, the weak-boson mass relation derived from the radiative corrections to G F (the
is the freest quantity from various strong-interaction effects, and the meaning of the W/Z masses is of course quite clear.
♯1 Therefore, we can expect very clean tests through the weak-boson mass measurements.
Although the CDF results on the top quark is quite important, its final establishment must come after the confirmation by D0 collaboration. Therefore, I
will divide the analyses into two parts:
In § 3, m t -independent analyses are carried out. ♯2 What I study there are the leading-logarithmic approximation, the improved-Born approximation, and the non-decoupling top-quark effects. Testing the last one is particularly important because the existence of such effects is a characteristic feature of theories in which particle masses are produced through spontaneous symmetry breakdown plus large Yukawa couplings.
In § 4, on the other hand, I will study other-type corrections by fully using the ♯1 Another popular quantity in electroweak analyses is sin 2 θ W , but it has a number of different definitions in contrast to the weak-boson masses. (Langacker calls this situation "great confusion" in [5] .) ♯2 This does not mean that the analyses are completely free from the CDF data. I will use the data as a peace of experimental information on m t , the meaning of which will become clear at the end of § 2.
CDF data on m t . The EW corrections studied in § 3 are essentially those from fermion loops. Theoretically, however, those from W , Z and the Higgs (i.e., bosonic contributions) are also important. If the top quark is actually very heavy as the CDF data show, we have a good chance to detect the bosonic contribution. This is because the fermionic leading-log terms and the non-decoupling top-quark terms work to cancel each other, and consequently the role of the non-fermionic corrections becomes relatively more significant.
Prior to these two sections, a brief review of the EW corrections to the weakboson masses is given in § 2. The final section is devoted for a conclusion and discussions, where some negative indication to the electroweak theory is pointed out, though it is never serious at present. Since a lot of papers have so far appeared in which comprehensive analyses are performed, as mentioned in the beginning. I wish, therefore, to show here a little different aspect of the precision analyses, which is complementary to those comprehensive analyses. §2. EW Corrections to W/Z-masses I start this section with instructive remarks. Suppose we are trying to test in a theory the existence of some effects phenomenologically. Then, we have to show that the following two conditions are simultaneously satisfied:
• The theory cannot reproduce the data without the terms under consideration, no matter how we vary the remaining free parameters.
• The theory can be consistent with the data by adjusting the free parameters appropriately (i.e., within experimentally and theoretically allowed range), once the corresponding terms are taken into account.
Needless to say, we have to have data and theoretical calculations precise enough to distinguish these two clearly. In those analyses it is safer to be conservative:
That is, when we check the first criterion, the smaller number of data we rely on, the more certain the result is. On the contrary, for checking the second criterion, it is most trustworthy if we can get a definite conclusion after taking into account all the existing data, preliminary or not. Now, let us proceed to the main theme. As I mentioned in § 1, the tool of my analyses is the electroweak corrections to the W/Z masses. Through the O(α) corrections to the muon-decay amplitude, these masses are connected as
Here ∆r expresses the corrections, and it consists of several terms with different properties: • M W can be consistent with the data for, e.g., m φ = 300 GeV, which is allowed by the present data m φ > 61.5 GeV [19] .
That is, the two criterions are both clearly satisfied, by which the existence of radiative corrections is confirmed. Radiative corrections were established at 3σ level already in the analyses in [20] , but where one had to fully use all the available low-and high-energy data. We can now achieve the same accuracy via the weakboson masses alone. Analyses in the following sections are performed in the same way as this, so I do not repeat the explanation on the second criterion below since it is common to all analyses.
Finally, I wish to explain the titles of § 3 and § 4. I mean by "m t independent" that we can test without using m exp t whether the first criterion is satisfied or not.
For the second criterion, we should use all available data to constrain parameter space, as already mentioned. §3. Top-mass Independent Analyses Let me first test the validity of the leading-log (ℓ.ℓ.) approximation. As is wellknown, leading-log corrections can be easily computed via the one-loop renor-malization group equations [21] . It means that any detailed loop calculations are unnecessary if we can describe data within the ℓ.ℓ. approximation.
The explicit form of ∆r[ℓ.ℓ.] in Eq.(2.2) is given by
where Q f is the electric charge of fermion f in the proton-charge unit, and the sum is both on the flavors and colors except for the top quark.
is the QED running coupling at M Z scale within this approximation, I express this combination as α (ℓ.ℓ.) (M Z ). According to Jegerlehner's computations [22] ,
, and thereby the W -mass is calculated through level has now become much higher than in my previous analysis [7] , where the disagreement level was 1.3σ (80.6 % C.L.).
This ℓ.ℓ. approximation can be improved by taking account of some finite terms which are derived by calculating the fermionic one-loop corrections to the photon self-energy explicitly. Indeed, Novikov et al. [2] found that all the precision data up to 1993 are reproduced at 1σ level by using
, where α(M Z ) is known to be 1/(128.87 ± 0.12) [22] . I examine next whether this "Improved-Born" approximation still works or not.
The W -mass is calculated within this approximation as As the final work in this section, I study the non-decoupling top-quark contribution. The significance of testing it was already stressed in § 1. The nondecoupling top contribution to ∆r is demand, independent of m φ , the existence of the non-decoupling top-quark corrections. It is a very important test of the electroweak theory as a renormalizable quantum field theory with spontaneous symmetry breakdown. §4. Top-mass Dependent Analyses
As already mentioned in the Introduction, the existence of the top quark will be established if D0 collaboration also observes events which show its productions.
Indeed, it is quite unlikely that the top quark does not exist, apart from how heavy it is. Therefore, I study in this section what we can say when m exp t = 174 ± 17
GeV is fully used as an input. Concretely, I wish to examine non-fermionic contributions to ∆r (i.e., the Higgs and gauge-boson contributions within the electroweak theory). It has been pointed out in [11, 12] 
This value is of course independent of the Higgs mass. Equation (4.1) means
which shows that some non-fermionic contribution is necessary at 1σ level.
It is of course too early to say from this, e.g., that the bosonic effects were confirmed. Nevertheless, this is an interesting result since we could observe nothing before: For example, the best information on m t before the CDF report was the bound m t > 131 GeV by D0 [23] , but we can thereby get only
18 GeV). We will be allowed therefore to conclude that "the bosonic effects are starting to appear in the M W -M Z relation". All the results obtained so far are visually represented in the Figure. -------- We can similar way study the QCD corrections (though it does not match the title of this paper). In this case, I could not find any inequality like Eq.(3.9) which leads to a definite (m φ -independent) statement. We can still get, however, It must be very interesting if we can find moreover the existence of the nondecoupling Higgs effects 
Here, let us simply assume as an example that we have gained in some way (e.g., at LHC) a bound m φ > 500 GeV. Then, for ∆r ♯4 Do not take this value too seriously. Perturbation theory is no longer reliable if the Higgs is so heavy [24] .
It seems therefore that we may have a chance to get an indirect evidence of the Higgs boson even if future accelerators would fail to discover it. Indeed, the central value of the present M exp W needs a very heavy Higgs (about 1 TeV [25] : see the next section) though its still large uncertainty allows also a light Higgs.
Fortunately or unfortunately, however, the present LEP+SLC data require a light Higgs ( < ∼ 200-300 GeV) [1] . So, if we get any evidence that the Higgs is heavier than 500 GeV, it means that the electroweak theory falls into a trouble. In such a case, it will have little meaning to study various radiative corrections within only the minimal electroweak theory. I will discuss this problem briefly in the next section. §5.
Conclusion and Discussions
I have carried out here analyses on (1) m t -independent and (2) m t -dependent electroweak quantum corrections in the weak-boson mass relation.
In the former part, I tested the leading-log approximation, the ImprovedBorn approximation, and also the non-decoupling top corrections. We could thereby conclude that non-ℓ.ℓ. type corrections, non-Born type corrections, and non-decoupling m t contribution are required respectively at about 2.4σ, 1.5σ, and 2.0σ level by the recent data on M W,Z . This is a clean, though not yet perfect, test of non-trivial corrections which has the least dependence on hadronic contributions.
Concerning the latter part, we could observe a small indication for nonfermionic contributions (at 1σ level, though). This comes from large cancellation between the light-fermion and heavy-top terms, and such contributions can be interpreted as those from the bosonic (W/Z and the Higgs) corrections. Furthermore, it seemed to be possible to test the non-decoupling Higgs effects if the Higgs boson is heavy (e.g., > ∼ 500 GeV).
On the m t -dependent corrections, however, supplementary discussions are nec-essary as mentioned in the end of the previous section. In § 2, the W -mass with the whole corrections for m exp t = 174 ± 17 GeV was computed for m φ = 300 GeV.
However, in order for M W | mt=174 GeV to reproduce the central value of M exp W (80.23 GeV) within the electroweak theory, the Higgs mass needs to be 1.1-1.2 TeV [25] .
Even if we limit discussions to perturbation calculations, such an extremely heavy Higgs will cause several problems [26, 27] . Moreover, the present LEP and SLC data require a light Higgs boson: m φ < ∼ 200-300 GeV though at 1σ level [1] . This means that we might be caught in a kind of dilemma.
At present, it is never serious since m φ as low as 60 GeV is also allowed if we take into account ∆m [14] . If a future experimental value converges to a higher value like M exp W [UA2, CDF], the above problem disappears and we also be able to give the conclusions for § 3 more strongly (but the conclusion for § 4 becomes weaker).
On the contrary, if M exp W moves to M exp W [D0], the situation becomes much more serious. In that case, we will have to consider in earnest new physics which produces opposite contributions to M W and to the other quantities. The top-mass measurements can also affect these arguments similarly: If m t moves to a lighter value, the electroweak theory is OK, but if it is found to be heavier, the problem is again serious.
Precise measurements of M W and m t are therefore considerably significant not only for precision tests of the electroweak theory but also for new physics searches beyond this theory.
